To infer recent patterns of malaria transmission, we measured naturally acquired IgG antibodies to the conserved 19-kDa C-terminal region of the merozoite surface protein (MSP)-1 of both
Antigens expressed on the surface of asexual bloodstage malaria parasites are major targets of antibodies elicited by exposure to infection. One of the best characterized surface antigens is the merozoite surface protein (MSP)-1, a 185-210 kDa polymorphic protein synthesized during late schizogony (Blackman et al. 1990 ). MSP-1 19 , the 19-kDa C-terminal product of secondary enzymatic processing of MSP-1, is the only fragment of this protein that remains anchored to the merozoite surface at the time of erythrocyte invasion (Blackman et al. 1991) . MSP-1 19 has two cysteine-rich domains, analogous to epidermal growth factor motifs, which are putatively required in interactions with erythrocytes (Blackman et al. 1991 , Han et al. 2004 ). The C-terminal region of MSP-1 is fairly conserved in both Plasmodium falciparum (Tanabe et al. 1987 , Miller et al. 1993 , Ferreira et al. 2003 and Plasmodium vivax (Soares et al. 1999a , Putaporntip et al. 2002 , but the sequence divergence (~ 46% aminoacid mismatch) between the MSP-1 19 homologs of P. falciparum and P. vivax (del Portillo et al. 1991 ) is large enough to prevent significant cross-recognition between-species.
MSP-1 19 is a major target of naturally acquired human antibodies that inhibit erythrocyte invasion by merozoites in vitro (O'Donnell et al. 2001) . In addition, levels of naturally acquired anti-P. falciparum (PfMSP1 19 ) antibodies measured with conventional enzyme-liked immunosolvent assay (ELISA) have been positively associated with protection from P. falciparum infections in some (Egan et al. 1996 , Branch et al. 2000 , although not all (Dodoo et al. 1999 , Riley et al. 2000 African cohorts. In Brazil, there is evidence from cross-sectional studies of an association between levels of antibodies to MSP-1 19 and reduced risk of clinical malaria (Braga et al. 2002) . However, it remains unknown whether all antibodies to PfMSP-1 19 detected by ELISA are functionally relevant. A recent cohort study in Western Kenya suggested that the ability of naturally acquired antiPfMSP-1 19 antibodies to inhibit merozoite invasion in vitro may be a better correlate of clinical immunity to malaria than the mere presence of antibodies measured by conventional ELISA (John et al. 2004) . Contrasting with the extensive investigation of the role of Pf MSP-1 19 in naturally acquired immunity, little is known about the immune recognition of the ortholog protein of P. vivax (Pv) . In Brazil, high proportions of subjects with detectable antibodies and T-cell responses to PvMSP-1 19 were found in areas of focal transmission (Soares et al. 1997 (Soares et al. , 1999b and high proportions of seropositive subjects were uniformly observed in areas with more stable transmission (Morais et al. 2005) .
The prevalence and levels of antibodies to malarial surface antigens such as MSP-1 19 have been used not only as serological correlates of clinical immunity, but also as markers of cumulative exposure to malaria (Drakeley et al. 2005) . Serological data may be particularly useful to infer recent malaria transmission patterns in areas of difficult access, where longitudinal surveys are not logistically feasible. These data presents a potential advantage over traditional parasite prevalence data derived from cross-sectional surveys: the presence of antibodies is thought to reflect recent or cumulative patterns of malaria exposure, rather than current infection, and is therefore less influenced by seasonal variations in malaria transmission rates. A recent study suggested that naturally acquired IgG antibodies to PfMSP-1 19 performed better than those to other surface antigens (MSP-2 and apical membrane antigen 1) as a marker of malaria transmission intensity in Northern Tanzania, but no attempt was made to compare antibody responses to antigens of other human malaria parasites prevalent in the same area (Drakeley et al. 2005) .
Here we explore the use of antibodies to MSP-1 to infer recent patterns of malaria transmission in a remote population in the Amazon Basin of Brazil. We analyze the association between the prevalence of IgG antibodies to PfMSP-1 19 and PvMSP-1 19 , and several putative risk factors for malaria in the population. In addition, we use consecutive seroprevalence data to derive estimates of malaria seroincidence and investigate putative risk factors associated with malaria infections between the cross-sectional surveys.
SUBJECTS, MATERIALS AND METHODS
Study area and population -The Jaú National Park (JNP) is situated on the right margin of the Negro river, 200 km Northwest of Manaus, the capital of the state of Amazonas, Northwestern Brazil (1°40' 3°00'S, 61°26' 64°00'W) (Figure) . The average annual temperature is between 26°C and 27°C, with an average annual rainfall of 2000-2250 mm; most rainfall occurs between December and April. This is the largest continuous area of protected tropical rainforest in the world (2.27 million hectares). The population, however, is small: 885 inhabitants in 180 dwellings were found in the beginning of the study (November 2002 -January 2003 , distributed into 30 localities along the Jaú river (12 localities, 40 dwellings, and 225 people), and Unini and Paunini rivers (18 localities, 140 dwellings and 660 people). The population lives in traditional style, on subsistence farming, hunting and fishing, and inhabit wooden dwellings with incomplete or complete walls. Both P. vivax and P. falciparum are transmitted year-round, with increased incidence at the beginning (August-September), and the end (February-March) of the rainy season. P. vivax predominates in the areas studied. The eligible study population comprised inhabitants in 14 localities (8 along the Unini and Paunini rivers and 6 along the Jaú river). The localities of Seringalzinho, Patauá, Capoeira Grande and São Lázaro, Tambor Novo, and Tambor Velho are situated along the lower and upper Jaú river, respectively. The localities of Democracia, Tapiira, Manapana and Lago das Pombas, Floresta, Vista Alegre, Aracú and Solimõezinho are situated along the lower and upper Unini and Paunini rivers, respectively. A detailed structured questionnaire was applied to all study participants to obtain demographic, clinical and behavioural information. The study protocol was approved by the Ethical Committee of the Oswaldo Cruz Institute. All study participants or their guardians provided written informed consent.
Cross-sectional antibody and parasite prevalence surveys -Two cross-sectional surveys (CSS) (1 and 2) were performed during the first travel (A) of the field team to the study site, between November 9, 2002, and January 15, 2003. Survey 1 comprised seven localities along the Unini river and survey 2 comprised three localities along the Jaú river. During the second travel (B), two CSS surveys (3 and 4) were performed between May 16 and July 19, 2003. Survey 3 comprised seven localities along the Unini river and one locality along the Paunini river, while survey 4 comprised six localities along the Jaú river. Of 594 residents in the selected localities, 332 (55.9%) had serum samples tested for antiPvMSP-1 19 antibodies during travel A (285 in survey 1 and 47 in survey 2), and 480 subjects (80.8%) in the travel B (318 of the survey 3 and 162 of the survey 4). A total of 283 subjects who had IgG antibodies to PvMSP-1 19 during both travels A and B were included in the P. vivax seroconversion study. IgG antibodies to PfMSP-1 19 were measured in 331 individuals (55.7%) enrolled during travel A (285 in survey 1 and 46 in survey 2), and 473 subjects (79.6%) enrolled in travel B (310 in survey 3 and 163 in survey 4). A total of 274 subjects who had IgG antibodies to PfMSP-1 19 during both travels A and B were included in the P. falciparum seroconversion study. Subjects who were non-permanent residents in the study area, were below three months of age or could not be located during CSSs surveys were excluded from the study.
Malaria diagnosis -Thick blood smears (TBS) from all subjects enrolled in the CSS were stained with Giemsa, and at least 100 fields were examined under 1000ḿ agnification for malaria parasites. Blood samples were also examined by nested polymerase chain reaction (PCR)-based amplification of a species-specific segment of the 18S rRNA gene of human malaria parasites, as described by Kimura et al. (1997) with the modifications introduced by Win et al. (2002) . DNA templates for PCR amplification were isolated from 200 ml of whole venous blood using Wizard genomic blood DNA purification kits (Promega, Madison, USA). Three sets of TBS were sent for review by an expert microscopist at the National Reference Laboratory of the Ministry of Health of Brazil: (a) all positive TBS, (b) those with discordant results by TBS and PCR, and (c) 10% of all negative TBS. All clinical malaria infections diagnosed by onsite microscopy were treated according to the current malaria therapy guidelines in Brazil (Funasa 2001). Because PCR results were not available timely, infections detected by PCR only were left untreated. Results of malaria diagnosis are described in detail elsewhere (Ladeia-Andrade et al. in press).
Recombinant antigens -The recombinant protein PfMSP-1 19 , which represents the aminoacid sequence of the 19-kDa fragment of MSP-1 of the isolate FVO (Wellcome-type), was expressed in Saccharomyces cerevisae (Kaslow et al. 1994 ) by David C. Kaslow (currently at Vical Incorporated, San Diego, CA) at the National Institutes of Health, Bethesda, USA. This antigen was kindly supplied for this study. The recombinant PvMSP-1 19 protein corresponds to the aminoacid sequence of the 19-kDa fragment of MSP-1 of the isolate Belém without its hydrophic C-terminus (de Oliveira et al. 1999 ). This antigen was expressed in Escherichia coli (strain DH10B) as a recombinant protein fused to the C-terminus of Schistosoma japonicum glutathione Stransferase (GST).
Elisa for IgG antibodies -Assays with PfMSP-1 were performed as described (Braga et al. 2002) . Highbinding 96-well microplates (Nunc Maxisorp, Denmark) were coated with 50 ng of PfMSP-1 per well, dissolved in 50 µl of 0.1 M carbonate-bicarbonate buffer (pH 9.6) and incubated overnight at 4 o C. Serum samples (50 µl/ well) were tested at 1:50 dilution (PfMSP-1 19 ); these working dilutions were determined by checkerboard titration of positive and negative control sera. IgG antibody binding was detected with peroxidase-conjugated, goat anti-human immunoglobulin (Sigma, St. Louis, USA) at 1:2,000 dilution. After use of o-phenylenediamine and hydrogen peroxide, absorbance values were measured at 490 nm. The cut-off value was defined as the mean plus three standard deviations of the absorbance values obtained with 40 negative control sera from malaria-naïve blood donors living in Belo Horizonte, Southeastern Brazil. To measure IgG antibodies to PvMSP-1 19 , high-binding 96-well microplates (Costar, Cambridge, USA) were coated with 50 ng/well of solid-phase antigen, dissolved in 50 µl of 0.1 M carbonate-bicarbonate buffer (pH 9.6), for 18 h at 4°C. Serum samples (50 µl/well) were tested at 1:50 dilution. After 1h incubation at 37°C, antibody binding to solid-phase antigen was detected with peroxidase-conjugated goat immunoglobulin anti-human IgG (Kirkegaard & Perry, Gaithersburg, USA) at 1:4,000 dilution. After use of o-phenylenediamine and hydrogen peroxide at acid pH as substrate, absorbance values were measured as above. Corrected absorbance values were obtained by subtracting absorbance readings with GST run on the same microplate. Absorbance data used in statistical analyses correspond to corrected values. The cutoff absorbance values used to define positive results were 0.228 for PvMSP1 19 and 0.245 for PfMSP1 19 . These values were calculated as the mean absorbance reading plus three standard deviations (SD) obtained with 40 negative control sera from healthy subjects not exposed to malaria transmission. For both antigens, reactivity indices (RIs) were calculated as the ratio between the absorbance values (corrected values for PvMSP-1 19 ) of each test sample and the cut-off value for each antigen. Samples with RIs ≥ 1 were considered positive.
Definitions -Malaria infection was defined when P. vivax or P. falciparum were detected by conventional TBS, PCR, or both, irrespective of the presence of symptoms. Serological evidence for malaria infection between two consecutive blood draws was defined when: (a) the first (baseline) sample was IgG-negative but the second sample was IgG-positive, irrespective of the levels of specific antibodies (seroconversion), or (b) there was ≥ 3-fold increase in IgG levels to either PvMSP-1 19 or PfMSP-1 19 (measured as RIs) in paired serum samples collected during travels A and B. We analyzed separately levels of antibodies to PvMSP-1 19 or PfMSP-1 19 as markers of recent infection with P. vivax and P. falciparum, respectively.
Statistical analysis -A database was created with SPSS 13.0 (SPSS Inc, Chicago, USA). Proportions were compared with χ 2 tests, with Yates correction of continuity when appropriate. Separate multiple logistic regression models with stepwise backward deletion were built to describe independent associations between potential risk factors (covariates) and the presence of IgG antibodies to PvMSP-1 19 and PfMSP-1 19 . Because the data have a nested structure, with multiple observations per individual (each study subject participated in one or two cross-sectional surveys), the assumption of independence of observations underlying standard logistic regression analysis is violated. We therefore used twolevel logistic models with robust standard errors, with level-1 variables corresponding to each observation (one or two per individual) and level-2 variables corresponding to each individual. Level-1 covariates were age at the time of the survey (continuous variable), date of the cross-sectional survey (travel A or B), recent visit to high-risk areas (stay, in the preceding 30 days, in the forest or in other communities within the JNP with a risk of malaria greater than that in the community of origin), and current malaria infection, while level-2 covariates were gender, place of residence (Unini or Jaú river [residents along the Paunini river were included in the Unini area] and either upper or lower part of the river), use of bednets, sleeping habits (sleeping and wake-up time), bedroom characteristics (presence or absence of complete walls) and customary high-risk activities (hunting, fishing, or bathing close or at the river after 18:00 h). To determine the impact of several covariates on the levels of IgG antibodies to PvMSP-1 19 and PfMSP-1 19 , we built a two-level multiple linear regression model, with antibody RIs as the outcome variable and the same covariates as above. The HML software package (version 6.03, Scientific Software International, Lincolnwood, USA) was used for all multilevel analyses. Simple logistic regression analysis, carried out with SPSS 13.0, was used to investigate the independent association between recent malaria infection (inferred by seroconversion or increase in antibody levels) and the covariates listed above. Only variables associated with statistical significance at the 5% level or those that altered the parameter estimate (odds ratio or correlation coefficients) by ≥ 10% were retained in the final models. and PfMSP-1 19 and associated risk factors -IgG antibodies to PvMSP-1 19 were detected in 231 (69.6%) subjects aged 10 months to 77 years (mean, 22.2 years) examined during travel A (middle of rainy season) and in 307 (64.0%) subjects aged six months to 78 years (mean, 23.4 years) examined during travel B (middle of dry season). Unadjusted analysis was carried out separately for each travel. Age, place of residence (Jaú vs. Unini river, upper vs. lower river), absence of complete walls in the bedroom and current infection with P. vivax were covariates associated with increased risk of having IgG antibodies to PvMSP-1 19 , in preliminary unadjusted analysis (Table I) . Multilevel logistic regression analysis combining data from both travels showed that the date of the survey (travel A vs. B), place of residence, age, recent visit to high-risk areas and current infection with P. vivax were all significant independent predictors of the presence of IgG antibodies to PvMSP-1 19 (Table II) . IgG antibodies to PfMSP-1 19 were detected in 172 (52.0%) subjects aged 1 to 77 years (mean, 20.5 years) examined during travel A and in 244 (51.6%) subjects (Table III) . However, age was the only variable that remained significantly associated with PfMSP-1 19 seropositivity in multilevel logistic regression analysis (Table II) . Serological data, therefore, proved more useful for inferring risk factors for exposure to P. vivax, when compared to P. falciparum. In addition, multiple multilevel linear regression models were built to identify covariates independently associated with the levels of IgG antibodies to PvMSP-1 19
RESULTS

Prevalence and levels of antibodies to
and PfMSP-1 19 . Age and current infection with P. vivax were significantly associated with increased levels of IgG antibodies to PvMSP-1 19 (β coefficient = 0.038 and 0.942; p < 0.0001 and 0.006, respectively), while age was the only covariate significantly associated with increased levels of antibodies to PfMSP-1 19 (β coefficient = 0.025; p < 0.0001). between the first and the second blood draws was observed in 40 of 283 (14.1%) subjects examined during both travels. Unadjusted analysis suggested that both place of residence (lower vs. upper river) and sleeping time at or after 21:00 h were associated with serological evidence of P. vivax infection between the cross-sectional surveys (Table IV) , but only the first covariate remained significantly associated with recent P. vivax infection after adjusting for potential confounders in multiple logistic regression analysis (lower vs. upper river, odds ratio = 2.52, 95% confidence interval = 1.20-5.32, p = 0.015). Seroconversion or increase in the levels of antibodies to PfMSP-1 19 was found in 53 of 274 (19.3%) subjects. Unadjusted analysis suggested that customary high-risk activities would be an independent predictor of recent P. falciparum infection (Table IV) , but this was not confirmed after adjustment for potential confounders by multiple logistic regression analysis.
Serological evidence of malaria infection between cross-sectional surveys and associated risk factorsSeroconversion or increase in the levels of IgG antibodies to
DISCUSSION
Here we investigated whether naturally acquired IgG antibody response to the conserved C-terminal region of MSP-1 of both P. vivax and P. falciparum could provide insights into the epidemiology of malaria in remote populations of the Amazon Basin of Brazil. We found high proportions of subjects who recognized PvMSP-1 19 and PfMSP-1 19 , with no difference according to gender. The proportion of subjects with antibodies to PvMSP-1 19 was associated with age, place of residence and involvement in high-risk activities, defining groups of highly exposed people who might be preferential targets of malaria control measures. In contrast, no risk factor other than age was significantly associated with seropositivity to PfMSP-1 in our subjects. Serological data have been modeled to estimate medium-and long-term patterns of malaria transmission in areas of Africa (Drakeley et al. 2005) , Asia (Gatton et al. 1996) , and the Amazon (Burattini et al. 1993 ) for which accurate estimates of parasite prevalence rates over several years and decades are not available. We next discuss the extent to which serological data correlate with the classical malariometric indices and morbidity indicators measured in our population at the time of the seroprevalence surveys.
Young age, residence along the Unini river, residence in the upper part of either Unini or Jaú rivers, wake-up time after 6:00 h and absence of complete walls in the bedroom were all significant independent predictors of the presence of malarial parasites, irrespective of the species, detected by either microscopy, PCR or both during the CSS in JNP (Ladeia-Andrade et al. in press). Interestingly, the female gender was significantly associated with reduced risk of P. vivax infection (confirmed by TBS or PCR) but increased risk of P. falciparum infection (Ladeia-Andrade et al. in press). The reason for this is currently unknown.
Subclinical infections and subpatent parasitaemias, which were detected only by PCR, were found in all age groups, but the proportion of infections that are symptomatic was highest among children under five years of age (Ladeia-Andrade et al. in press). As a result, parasite prevalence data revealed that the native Amazonian populations in JNP share some epidemiological features with those living in rural holoendemic Africa, such as the widespread occurrence of subclinical infections and subpatent parasitaemias and predominance of malaria morbidity among young children. These features would have been missed by analyses restricted to serological data, which are unable to reveal age-related differences in current malaria exposure and morbidity.
One of the main limitations of parasite prevalence data obtained during CSS in JNP is that, for logistical reasons, no survey was performed during the peaks of malaria transmission, which typically occur at the beginning (August-September) and the end (FebruaryMarch) of the rainy season. We thus investigated whether a comparative analysis of IgG antibody levels in sequential serum samples could provide estimates of malaria incidence and associated risk factors during the period between the first (November-January) and the second (May-July) CSS, which comprised one of the malaria transmission peaks. However, the analysis of antibody levels in paired samples proved little informative, since we have documented few instances of seroconversion or three fold of greater increase in antibody levels (14.1% and 19.3% of the subjects tested for antibodies to PvMSP-1 19 and PfMSP-1 19 in consecutive surveys).The only covariate significantly associated with seroconversion or increase in antibody levels to PvMSP-1 19 was the place of residence (lower vs. upper river), and no significant predictor of seroconversion in or increase antibody levels to PfMSP-1 19 was found. The absence of association between recent exposure to malaria (as inferred by comparing antibody levels in paired samples), and age is particularly surprising, since young children have been shown to be at increased risk of laboratory-confirmed infection during the cross-sectional surveys (LadeiaAndrade et al. in press) .
This study highlights some limitations of the use of malaria seroprevalence data for epidemiological inference. Although medium-and long-term trends of malaria transmission may be estimated by fitting relatively simple models to serological data (Burattini et al. 1993 , Gatton et al. 1996 , Drakeley et al. 2005 , some epidemiological characteristics that are relevant for malaria control, such as the age-related distribution of infection and morbidity, may be much more difficult to infer without reference to parasite prevalence data. The combined use of classical malariometric and serological data provides clearly complementary information, which may be used to understand malaria transmission patterns, identify risk groups and propose evidence-based control measures.
